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ABSTRACT
Transmission and nutritional contribution of dual symbionts to the host during 
early ontogenesis was examined in two species of deep-sea mussels whose adult stages 
are known to contain thioautotrophic and methanotrophic bacterial symbionts in their 
gills—the hydrothermal vent mussel Bathymodiolus azoricus and the cold seep mussel 
Bathymodiolus heckerae. Molecular techniques and transmission electron microscopy 
were used to assess the presence and abundance of symbiont types over a range of mussel 
size classes. Stable carbon and nitrogen isotopic analyses were used to determine the 
contribution of chemosynthetically derived versus photosynthetically derived carbon to 
host nutrition. Thioautotrophic and methanotrophic bacterial morphotypes were present 
in the gills o f all size classes examined, including post-larval individuals. An ontogenetic 
shift was not observed in symbiont abundance or biovolume in either species. Carbon 
and nitrogen isotopic signatures of post-larval B. azoricus and B. heckerae did not 
highlight photosynthetically derived carbon as a nutritional source. Isotopic signatures 
and higher abundance of thioautotrophs in the gills of B. azoricus indicated a greater 
nutritional dependence on thioautotrophy, whereas isotopic signatures and higher 
abundance of methanotrophs in the gills B. heckerae indicated a greater dependence on 
methanotrophy.
TRANSMISSION AND NUTRITIONAL CONTRIBUTION OF 
DUAL BACTERIAL SYMBIONTS IN DEEP-SEA MUSSELS
2INTRODUCTION
Since the discovery of a novel symbiosis between sulfide-oxidizing 
(thioautotrophic) bacteria and vestimentiferan tubeworms at deep-sea hydrothermal vents 
(Cavanaugh et ah, 1981; Felbeck, 1981), numerous bacteria-marine invertebrate 
symbioses found at chemosynthetic ecosystems have been characterized. In these 
symbiotic associations, the invertebrate host functions as a spatial/temporal bridge to an 
oxic-anoxic interface where the substrates needed for chemosynthesis are available for 
use by the symbiotic bacteria (Cavanaugh, 1994). The bacteria use energy yielded from 
the oxidation of reduced compounds (e.g. hydrogen sulfide, thiosulfate, and/or methane) 
to fix organic carbon and provide the primary source of nutrition to the host organism 
(Cavanaugh, 1985; Nelson and Fisher, 1995). In conjunction with physiological 
adaptations, symbioses between bacteria (chemoautotrophic and/or methanotrophic) and 
their respective invertebrate hosts enable multicellular organisms to subsist on energy 
sources that are otherwise unavailable, and in some cases toxic, to eukaryotic cells.
Bathymodiolin mussels, vesicomyid clams, and vestimentiferan tubeworms are 
among the most prevalent vent and seep megafaunal invertebrates to host intracellular 
chemoautotrophic and/or methanotrophic symbionts (Nelson and Fisher, 1995). 
Bathymodiolin mussels, in particular, make up a large portion of the biomass at many 
hydrothermal vents and colds seeps around the world and provide a microhabitat for 
numerous marine invertebrate species (Van Dover, 2000). Mussels of the genus
3Bathymodiolus are endemic to deep-sea chemosynthetic ecosystems, with a known 
biogeographical distribution ranging from hydrothermal vents in the mid-Atlantic, eastern 
and western Pacific, and Indian Ocean (Nelson and Fisher, 1995; Fujiwara et al., 2000; 
Van Dover, 2000; Van Dover et al., 2001) to cold seeps in the western Pacific, western 
Atlantic, Caribbean, and Gulf of Mexico (Sibuet and Olu, 1998; Van Dover et al., 2002).
Bathymodiolin mussels are unique among dominant vent and seep megafauna 
hosting bacterial endosymbionts in that they do not rely solely on their symbionts for 
nutrition (Cavanaugh et al., 1981; Felbeck, 1981; Felbeck et al., 1981; Rau, 1981; 
Cavanaugh, 1983; Page et al., 1991). Adult bathymodiolins have functional digestive 
systems, retain some ability to filter feed, and can obtain some nutrition from particulate 
and dissolved organic matter (Fiala-Medioni et al., 1986; Page et al., 1990, 1991). The 
relative contribution of extra-symbiont nutritional sources to the overall health and 
growth of the mussels remains unknown.
Certain species of Bathymodiolus mussels (Bathymodiolus thermophilus, B. 
brevior, B. aff. brevior, B. elongatus and B. septemdierum) house only thioautotrophic 
endosymbionts; others (B. platifrons, B. japonicus, and B. childressi) house only 
methanotrophic (methane-utilizing) endosymbionts; some species (B. puteoserpentis, B. 
azoricus, B. heckerae, and B. brooksi) maintain a dual symbiosis, containing both 
thioautotrophic and methanotrophic bacteria in their gills (MacDonald et al., 1990;
Fisher et al., 1991; Fisher et al., 1993). Although there is some evidence for the 
existence of dual symbioses in other vent and seep invertebrates (e.g. large vent 
gastropods Alviniconcha hessleri and Ifremeria nautilei from the western Pacific and
4Maorithyas hadalis from the Japan Trench), the presence of two phylogenetically and 
metabolically distinct bacterial symbionts within a single host cell has only been 
demonstrated in bathymodiolin mussels (Endow and Ohta, 1989; Galchenko et al., 1992; 
Robinson et al., 1998; Fujiwara et al., 2001).
The diversity of nutritional strategies employed by bathymodiolin mussels may 
enable them to adapt to fluctuations in environmental resource availability, making them 
effective competitors within the vent community (Hessler et al., 1985, 1988). The 
mixotrophic feeding strategy of bathymodiolin mussels may, in part, explain the observed 
spatial heterogeneity and longevity of these mussels at deep-sea chemosynthetic 
ecosystems. Bathymodiolin mussels are more widely distributed than either tubeworms 
or clams at hydrothermal vents in the east Pacific Ocean and occupy a diversity of 
microhabitats at hydrothermal vents in the Atlantic, ranging from diffuse flow regimes 
(~5 °C to 20 °C) to the outer surfaces of black smoker chimneys (Desbruyeres et al., 
2001). Furthermore, bathymodiolin mussels are often the last megafaunal invertebrates 
observed at sites with waning hydrothermal activity (Laubier & Desbruyeres, 1984; Van 
Dover, 2002). The ability of the mussels to exploit multiple food resources, as well as 
their ability tolerate a range of hydrothermal conditions, may be contributing factors to 
their expanded habitat range (Hessler et al., 1985, 1988; Van Dover, 2000). The ability 
of some species to maintain a dual symbiosis may further increase their habitat range by 
allowing them to subsist in environments with varying concentrations of reduced 
chemicals. Support of two metabolically distinct bacteria within a single host cell may 
minimize intersymbiont competition for resources while providing the host mussel with
5greater flexibility to exploit carbon and energy sources in the environment (Distel et al., 
1995).
Mussels engaged in a dual symbiosis may rely more heavily on one species of 
symbiont, depending on the environmental availability of specific chemical substrates 
(e.g. sulfide or methane) needed for chemosynthesis (Trask and Van Dover, 1999; Fiala- 
Medioni et al., 2002). Also, changes in nutritional mode may vary throughout the life 
history of the organism, depending on changes in nutritional requirements and/or 
competition for resources. Thus far, the majority of studies pertaining to symbiosis and 
nutrition in bathymodiolin mussels have focused on adult specimens. Although 
thioautotrophy and/or methanotrophy are thought to be the major sources of nutrition in 
adult mussels, the importance of these nutritional pathways during early ontogenesis has 
not yet been examined. The developmental stage at which bathymodiolin mussels begin 
to rely on their symbionts for nutrition has not been determined. Observations of post- 
larval shell morphology indicate that bathymodiolin mussels have a planktonic larval 
form that presumably filter-feed on photosynthetically derived carbon in the water 
column (Lutz et al., 1980). Such a feeding strategy has been suggested for the planktonic 
larval forms of various bresilid shrimp species that dominate the megafauna at many 
Mid-Atlantic Ridge vent sites (Pond et al., 1997abc, 2000ab).
We chose to examine the contributions of chemosynthetically-derived versus 
photosynthetically-derived carbon to host nutrition during ontogenesis in two species of 
mussels whose adult forms are known to contain thioautotrophic and methanotrophic 
bacteria—the hydrothermal vent mussel Bathymodiolus azoricus and the cold seep
mussel Bathymodiolus heckerae. Molecular techniques were used to indicate the 
presence of thioautotrophic and methanotrophic symbionts in post-larval and juvenile B. 
azoricus mussels. As observed in adult B. azoricus, the host’s reliance on a specific 
symbiont type may be reflected in the abundance of that particular symbiont in the gill 
tissue of the host mussel (Trask and Van Dover, 1999). Here we used transmission 
electron microscopy to quantify the abundance of thioautotrophic and methanotrophic 
endosymbionts over a range o f size classes. Carbon stable isotope analyses were used to 
determine primary sources of vent mussel nutrition because differences in isotopic 
fractionation during metabolism result in distinct variations in isotope ratios of 
thioautotrophically, methanotrophically, and photosynthetically derived carbon (Rau and 
Hedges, 1979; Rau, 1981; Conway et al., 1994; Trask and Van Dover, 1999). Nitrogen 
stable isotope analyses were conducted to provide further information on the trophic 
interactions between endosymbionts and hosts.
7MATERIALS AND METHODS
Sample collection
In July 2001, the DSV  Alvin was used to collect Bathymodiolus azoricus mussels 
from the Lucky Strike hydrothermal vent field (Eiffel Tower site) located on the Mid- 
Atlantic Ridge (37°17.5’N, 32°16.5’W; 1687 m). Bathymodiolus heckerae were 
collected in September 2001 from Blake Ridge, a methane-hydrate seep site (32°3rN, 
76°12’W; 2170 m) off the coast of South Carolina (see Van Dover et al. 2003 for site 
description) (Figure 1). Clumps of mussels consisting of adults and juveniles were 
collected with a scoop and placed into insulated collection boxes or with a mussel pot 
sampler (Van Dover, 2002). Upon recovery of the submarine, samples were immediately 
removed from the collection basket and stored at 4°C. Adult mussels were rinsed with 
chilled (4°C) 10-/xm filtered seawater over a 63-pm sieve. Sieved material was sorted 
under a dissecting microscope to collect smaller juvenile and post-larval mussels.
To address the presence/absence and population dynamics o f two distinct 
bacterial endosymbionts during the early stages of host mussel development, mussels 
were grouped into size classes based on shell color, shell morphology and shell length. 
The first size class consisted of post-larval mussels with a pinkish-red prodissoconch (I 
and II) post-larval shell (mean shell length = 0.36 mm) (Lutz et al., 1980; Comtet et al., 
2000). The next grouping of size classes consisted of early-stage juvenile mussels. The 
first juvenile size class was identified by the presence of a narrow band of yellow
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Map of study sites where samples were collected. LS = location of the Lucky Strike 
hydrothermal vent, Mid-Atlantic Ridge (37°17.5’N, 32°16.5’W; 1687 m); BR = location 
of the Blake Ridge cold seep site (32°31’N, 76° 1T  W; 2170 m).
juvenile dissoconch shell, in addition to the pinkish-red prodissoconch, at the growing 
edge of the shell (mean shell length = 0.90 mm). The remaining juvenile size classes 
examined were grouped according to shell length, with mean shell lengths of 1.8 mm, 4.2 
mm, 5.4, and 7.2 mm. The final size class consisted of adult mussels with mean shell 
lengths of 120 mm. Herein, size classes will be referred to by their respective mean shell 
length groups (e.g., 0.90-mm size class).
DNA extraction and purification
Genomic DNA was extracted from individual Bathymodiolus azoricus post- 
larval mussels (0.36 mm size class) and early-stage juvenile mussels (0.36 mm, 0.9 
mm, 1.8 mm, 4.2 mm, 5.4 mm, and 7.2 mm size classes) and from pooled samples of 
post-larval mussels consisting of 5 individuals each. Bathymodiolus heckerae 
mussels were not available for use. Extractions were made using the Qiagen DNA 
isolation kit according to the maufacturer’s instructions (Qiagen Inc, CA). DNA was 
eluted with 200 pi TE pH 7.8 and stored at 4°C prior to analysis.
PCR amplification o f  thioautotrophic and methanotrophic symbionts
The presence of thioautotrophic symbionts was determined by PCR amplification 
of a 890 base pair (bp) fragment of SSU rRNA with a thioautotroph specific forward 
primer: Thio-sym 16S-450F 5' ATT GGG AAG AAA AGC TAA TG 3’ and a universal 
SSU reverse primer: Sym-16S-1340R 5’ TAC TAG CGA TTC CGA CTT CA 3\ The 
presence of methanotrophic symbionts was determined by PCR amplification of an 880
10
bp fragment of SSU rRNA with a methanotroph specific forward primer: Meth-syml6S- 
460F 5' ACA GGC AGG TTA ATA TCC TG 3' and a universal SSU reverse primer: 
Sym-16S-1340R. To supplement methanotroph 16s screening, a 525 bp fragment of the 
pmoA gene was amplified from mussel DNA extracts using degenerate primers targeting 
both amoA and pmoA: amo pmof 5’ GGN GAC TGG GAC TTC TGG 3' and amo pmor 
5’ GAA SGC NGA GAA GAA SGC 3’ (Holmes et al., 1995). The following PCR 
reaction conditions were employed: 50 pi amplification reaction mixtures contained 1 pi 
template DNA, 5 pi 1 OX buffer (supplied by manufacturer), 5 pi MgCl2 (2.5 pM), 2 pi of 
each primer (10 pM final conc.), 2.5 units of Taq polymerase (Promega Inc. WI), 5 pi of 
a 2mM stock solution of dNTPs, and sterile H2O to final volume. Amplifications were 
carried out using 37 cycles at 94°C/40 sec., 55°C/1 min., and 72°C/1 min., followed by a 
final extension at 72°C/7 min. lOpl of each reaction was separated on 1% agarose gels at 
100V in TBE, stained with ethidium bromide (lOmg/ml), and visualized using a digital 
camera system and analysis software (Kodak).
Transmission electron microscopy
A 0.5 cm-wide section of gill tissue, consistently taken from the middle of the gill 
in each specimen, was dissected from adults and juveniles for electron microscopy. In 
cases where the mussel was too small to be dissected (i.e. post-larval and early-stage 
juveniles < 2.0 mm), shells were cracked to allow fixative to penetrate the tissue. 
Bathymodiolus azoricus samples were fixed in 3% glutaraldehyde with 0.1M cacodylate 
buffer and 0.4M NaCl (pH 7.8) for ~3 weeks. Bathymodiolus heckerae samples were
fixed in 3% glutaraldehyde with 0.1M phosphate buffer and 0.25M sucrose (pH 7.4) for 
-48 hours. All samples were rinsed in 0.1 M phosphate buffer with 0.25M sucrose and 
post-fixed in a 1% osmium tetroxide solution. To dissolve shells, post-larvae and early- 
stage juveniles were placed in a 2.5g EDTA/lOOmL rinse buffer solution for 24 hours.
All specimens were dehydrated in a graded acetone series and stained en bloc with 2% 
uranyl acetate. Gill tissue or whole individuals were infiltrated with Embed 812 epoxy 
embedding medium, cut into 100-nm thin sections, and stained with lead citrate. Gill 
sections were viewed using a Zeiss 109 transmission electron microscope (TEM).
Abundances and biovolume o f bacterial symbionts
Bacterial morphotype abundance within the gills was determined for 3 to 5 
individuals per size class for both mussel species (0.36-mm, 0.9-mm, 1.8-mm, 4.2-mm, 
and 120-mm adult size classes were used). Three transverse sections were made through 
the middle portion of the gill filaments (3 to 6 gill filaments per section) for each 
individual and examined with the TEM. The three transverse sections were taken at 
intervals greater than the maximum diameter of bacteria observed (i.e., > 2.0 /mi apart) to 
ensure that a particular bacterial cell was only counted once.
Coordinates of 15 points in the bacteriocyte zones (middle portion of the gill 
filament that is composed of specialized bacteria-containing epithelial cells) of the gills 
were haphazardly selected at low magnification (240 X) from each of 3 gill cross- 
sections per individual (Figure 2). Each point was not necessarily located in the apical 
region of the bacteriocytes when viewed at the higher magnification (47,944 X) required
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FIGURE 2
Illustration of a transverse section through a single mussel gill filament (not drawn to 
scale). Bacteriocyte zone, bz; frontal cilia, fc; latero-frontal cilia, lfc; lateral cilia, lc; 
lysosomal residual body, ly; methanotrophic morphotype, m; thioautotrophic 
morphotype, t; intercalary cell, i; mucous droplet, mu; lumen, lu; basal lamina, bl; 
nucleus, n.
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for counts. We moved the specimen toward the apical region of the bacteriocytes until 
the screen was filled only with bacteria. Counts were consistently obtained from an area 
of 15.5 /mi at 47,944 X. Average diameters of thioautotrophic and methanotrophic 
morphotypes were used to estimate the mean biovolume of an individual bacterial cell for 
each morphotype. Bacterial abundance was multiplied by the biovolume estimate to 
determine the percent of the total bacterial symbiont biovolume that each morphotype 
comprised in an individual.
Stable isotope analyses
For Bathymodiolus azoricus and B. heckerae, foot tissue was dissected from 
adults and juveniles and placed in a drying oven (70°C) for 24 hours. Due to their small 
size, post-larval and early-stage juvenile mussels were pooled together and dried whole 
for each species. Prior to isotopic analysis, post-larvae and early-stage juveniles were 
soaked in 10% HC1 to remove the calcium carbonate in the shells. Subsamples of dried, 
acidified tissues were ground to a fine powder and packaged in tin capsules. Samples 
were transformed to CO2 and N2 for isotope analysis with a Carlo Erba elemental 
analyzer coupled to an OPTIMA stable isotope ratio mass spectrometer (Micromass, 
Manchester, USA). Carbon and nitrogen isotopes were determined with a single 
combustion in a dual-furnace system composed of an oxidation furnace at 1020°C and a 
reduction furnace at 650°C. The resulting gases were purified by gas chromatography, 
chemically dried, and injected into the source of the mass spectrometer by continuous 
flow. Stable isotope ratios are reported in the following notation:
14
5XE = [ s^ample/ s^tandard" 1] 103 (%o),
where X is the heavy isotope of element E and R is the abundance ratio of the heavy to 
light isotopes (13C/12C and 15N/14N) of that element. Stable isotopes were calculated 
relative to the international standards for carbon (PeeDee Belemnite limestone, PDB) and 
nitrogen (atmospheric N2 , air), which have defined d E values of 0.0%o. Isotope values 
are reported as means (± standard deviation).
Statistical methods
All statistics were calculated using MINITAB (version 13.32, 2000) statistical 
software. The Kruskall-Wallis test for a one-way design was used to assess variations in 
density, proportion, and percent total biovolume of each morphotype between species and 
between size classes within a species. An ANOVA, followed by Tukey’s pairwise 
comparisons post-hoc test, was used where significant differences were observed.
Pearson product moment correlation analysis was used to test for significant (a  =0.05) 
relationships between isotopic composition and mussel shell length.
15
RESULTS
PCR amplification o f  thiotrophic and methanotrophic symbionts
One out o f three post-larvae (0.36-mm size class) tested positive for the 
thioautotrophic SSU rRNA signal (Figure 3). None of the three individuals tested 
positive for the methanotrophic SSU rRNA or pmoA signals. A pool consisting of five 
post-larvae (0.36-mm size class) tested positive for all three markers. A SSU rRNA 
signal for both thioautotrophic and methanotrophic symbiont types was detected in the 
0.9-mm, 1.8-mm, 4.2-mm, 5.4-mm, and 7.2-mm size classes. Similarly, particulate 
methane monooxygenase (pmoA) was detected in the 0.9-mm, 1.8-mm, 4.2-mm, 5.4-mm, 
and 7.2-mm size classes. The pmoA primers used in this study cross react with the 
related amoA gene encoding the alpha subunit of ammonia monooxygenase found in 
ammonia oxidizing bacteria (Holmes et al. 1995). Amplicons obtained from adult 
mussels collected concurrently with post-larvae and juveniles contained only pmoA 
sequences (Hallam, unpublished data). Post-larval and juvenile pmoA sequences were 
not determined.
Gill ultrastructure
Gill filaments of hydrothermal vent mussels Bathymodiolus azoricus and seep 
mussels B. heckerae were similar in general ultrastructure to gills of other mytilid 
mussels known to contain bacterial symbionts (Cavanaugh et al., 1992; Fisher et al.,
16
FIGURE 3
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Detection of thioautotrophic and methanotrophic symbionts in post-larval and early-stage 
juvenile Bathymodiolus azoricus mussels. A post-larval and early-stage juvenile mussel 
series based on six size classes was screened for the presence of thioautotrophic and 
methanotrophic symbionts. Lane A = 7.2 mm, B = 5.4 mm, C = 4.2 mm, D = 1.8 mm, E 
= 0.9 mm, F-H = 0.36 mm (individual post-larvae), and I = 0.36 mm (pooled sample of 
post-larvae, n = 5).
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1993; D isteletal., 1995; Fiala-Medioni, 2002). Differences in fixation procedures for 
each species did not result in differences in preservation quality. Individual gill filaments 
are composed of a single layer of epithelial cells bound to a basal lamina that surrounds a 
blood-filled lumen (Figure 2). The portion of gill filament proximal to the mantle 
epithelium consists of symbiont-free, ciliated epithelial cells. The middle portion of the 
gill filament is composed of bacteriocytes. Gill bacteriocytes were generally interspersed 
with symbiont-free intercalary cells. The portion of gill that is distal to the mantle 
epithelium is comprised of either bacteriocytes or symbiont-free epithelial cells 
containing mucous droplets. An increase in the length of the mussel shell coincides with 
an increase in the length and number of individual gill filaments. The increase in gill 
filament length results from an increase in the number of bacteriocytes comprising the 
gill filament.
Transverse sections through Bathymodiolus azoricus and B. heckerae mussel gill 
filaments revealed the presence of bacteria-like bodies within the gill epithelial cells, or 
bacteriocytes (Figure 4A, B). Bacteria-like bodies were found in the apical portion of the 
bacteriocytes and were of the same general size and ultrastructure as bacteria found in 
other symbiont-containing mytilid mussels (Cavanaugh et al., 1987; Cavanaugh et al., 
1992; Fisher et al., 1993; D isteletal., 1995; Fiala-Medioni, 2002). The presumed 
symbionts exhibited two distinct morphotypes and were contained in vacuoles, either 
singly or in groups of two or more, surrounded by a peribacterial membrane. Both 
morphotypes had cell walls typical of Gram-negative bacteria and could occasionally be 
found grouped together in one vacuole. The larger, cocci- to oval-shaped morphotypes
18
FIGURE 4
Transmission electron micrographs of transverse sections through (A) Bathymodiolus 
azoricus and (B) Bathymodiolus heckerae mussel gill filaments. Basal lamina, bl; 
endoplasmic reticulum, er; lysosomal residual body, ly; mitochondrion, mt; nucleus, n; 
methanotrophic morphotypes, m; thioautotrophic morphotypes, arrows. Scale bars = 1 
pm.
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(mean diameter =1.1 pm) contained stacks of complex intracytoplasmic membranes, 
characteristic of Type I or Type X methanotrophic bacteria (Cavanaugh et al., 1992).
The smaller morphotypes (mean diameter = 0.31pm), which exhibited a cocci- and 
occasionally a rod-shaped morphotype, lacked intracellular membranes and resembled 
thioautotrophic bacteria (Cavanaugh et al., 1992).
Thioautotrophic and methanotrophic symbiont morphotypes were present in the 
gills of all specimens of Bathymodiolus azoricus and B. heckerae examined, including the 
smallest size class, which consisted of post-larval mussels (0.36-mm size class) (Figure 
5). Divisional stages of thioautotrophic and methanotrophic bacterial morphotypes were 
also observed in all size classes o f both mussel species. Bacteriocytes that contained only 
one symbiont type were rarely observed. Apparent lysosomal digestion of symbionts was 
indicated by the presence of lysosomal residual bodies in the basal portion of the 
bacteriocytes (Figures 4, 5). The lysosomal residual bodies contained remnants of 
partially digested bacterial cells of both types and were observed regularly in mussels 
from all size classes of B. azoricus and B. heckerae examined.
Abnormally large vacuoles filled with thioautotrophic and/or methanotrophic 
bacterial morphotypes were occasionally observed in B. azoricus mussels (Figure 6A). 
Bacteriocytes appeared to be sloughed off the basal lamina in several B. azoricus 
individuals (Figure 6B). In some cases, bacteriocytes were completely detached from the 
basal lamina and symbionts could be found in the spaces between gill filaments. Possible 
instances of endo- or exocytosis of symbionts were observed in several B. azoricus and B.
20
FIGURE 5
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Transmission electron micrograph of a transverse section through a post-larval (0.36-mm 
size class) Bathymodiolus azoricus mussel gill filament. Ciliary cell, cc; frontal cilia, fc; 
lateral cilia, lc; lumen, lu; lysosomal residual body, ly; nucleus, n; methanotrophic 
morphotypes, m; thioautotrophic morphotypes, arrows. Scale bar = 2 pm.
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FIGURE 6
Transmission electron micrographs of transverse sections through post-larval (0.36-mm 
size class) (A) Bathymodiolus azoricus and (B) Bathymodiolus heckerae mantle tissue 
and juvenile (1.8-mm size class) (C,D) B. azoricus gill filaments. Basal lamina, bl; 
cuticle, cu; intercalary cell, ic; lumen, lu; mantle cavity, me; nucleus, n; vacuole, v; 
methanotrophic morphotypes, m; thioautotrophic morphotypes, arrows. Scale bars (A-C) 
= 1 pm; scale bar (D) =1.5 pm.
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heckerae individuals; however, it was difficult to discern which of the two processes had 
occurred due to the static nature of transmission electron microscopy.
Thioautotrophic and methanotrophic bacterial morphotypes were also present in 
the mantle epithelium of post-larval and early-juvenile stage Bathymodiolus azoricus and 
B. heckerae mussels (Figure 6C, D). The mantle was composed of epithelial cells similar 
in ultrastructure to gill bacteriocytes. Lysosomal residual bodies were also present in the 
mantle epithelium, located in close proximity to the basal nuclei. Bacteria-like bodies, 
resembling the thioautotrophic and methanotrophic bacterial morphotypes observed in 
the gill and mantle, were observed in the gut lumen of several post-larvae. Mantle and 
gut tissue from adult mussels was not available for ultrastructural observation.
Abundance and biovolume o f bacterial symbionts
Although there were significant differences among several of the size classes, 
there was no ontogenetic shift in the relative abundance or ratio of symbiont morphotypes 
in Bathymodiolus azoricus or B. heckerae mussels (Figures 7, 8). The relative 
abundances and ratios of the two bacterial morphotypes (methanotrophic and 
thioautotrophic) were different in the two host mussel species. Methanotrophic 
symbionts comprised less than 20% of the total bacterial symbiont population in B. 
azoricus, but more than 60% in B. heckerae. Methanotrophic symbiont density was 
significantly greater in B. heckerae than in B. azoricus while thioautotrophic symbiont
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Mean number of thioautotrophic and methanotrophic symbionts per 15.5 /xm2 (± S.E.) 
versus mean shell length (mm); (A) thioautotrophic morphotype density was lower in 
post-larvae (0.36-mm size class) than in the 0.9-mm and 4.2-mm size classes (ANOVA 
and Tukey’ s , p < 0  .01), methanotrophic morphotype density was lower in post-larvae 
than in the 1.8-mm size class and higher than in adults (120-mm size class) (ANOVA and 
Tukey’s p < 0.01); (B) thioautotrophic morphotype density was lower in post-larvae 
(0.36-mm size class) than in the 1.8-mm, 4.2-mm, and adult size classes (120-mm size 
class) (ANOVA, Tukey’s, p < 0.001), methanotrophic morphotype density in the 1.8-mm 
size class was higher than in all other size classes examined (ANOVA, Tukey’s, p < 
0.01); black symbols represent thioautotrophic morphotypes and white symbols 
represent methanotrophic morphotypes; n = 5 individuals unless otherwise noted.
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(A) Mean percentage of the total bacterial symbiont population density comprised by 
methanotrophic morphotypes (± S.E.) versus mean shell length (mm); the percentage of 
methanotrophic morphotypes was higher in post-larvae (0.36-mm size class) than in all 
other size classes (ANOVA, Tukey’s, p < 0.001); (B) Mean percentage of the total 
bacterial symbiont population biovolume comprised by methanotrophic morphotypes (± 
S.E.) versus mean shell length (mm), the percentage of methanotrophic morphotypes in 
post-larvae (0.36-mm size class) was higher than in the 1.8-mm, 4.2-mm, and adult (120- 
mm) size classes, the percentage of methanotrophic morphotypes in adults (120-mm size 
class) was lower than in the 0.9-mm and 1.8-mm size classes (ANOVA, Tukey’s, p < 
0.001); •  = Bathymodiolus azoricus; ▲ = Bathymodiolus heckerae\ n = 5 individuals 
unless otherwise noted.
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density was significantly lower in B. heckerae than in B. azoricus (ANOVA, Tukey’s, p 
< 0.001). Methanotrophs dominated biovolume in both species (i.e. > 50% of total 
symbiont biovolume), and methanotrophic symbiont biovolume was significantly greater 
in B. heckerae (99.0 ± 0.57 %) than in B. azoricus (68.3 ± 7.4 %; p < 0.001; Fig. 6).
There was a negative correlation between percent methanotrophic bacterial biovolume 
and mean shell length in B. heckerae (p < 0.05).
Stable isotopes
There was a negative correlation between <513C and mean shell length in 
Bathymodiolus azoricus (p < 0.05); however, there was no ontogenetic shift in <513C in B. 
heckerae (Figure 9). Conversely, there was a positive correlation between d15N and mean 
shell length in B. heckerae (p < 0.001) but no ontogenetic shift in B. azoricus. S13C and
i f f  1 ^
8 N isotopic signatures were different between the two mussel species. 8 C values 
ranged between -26.3 to -35.6 %o for B. azoricus and between -51.3 to -59.9 % o  for B. 
heckerae, while 515N values ranged between -6.1 to -13.3 %o for B. azoricus and -3.2 to 
4.1 % o  for B. heckerae.
Differences in 513C isotopic signatures were found in different tissue types of 
Bathymodiolus azoricus but not in B. heckerae. In B. azoricus, mean 5l3C of adult 
mussel foot tissue (-31.2 ± 2.4 % o) was more negative than mean 513C of whole post- 
larval through early-juvenile stage mussels (-28.2 ±1.1 % o) (ANOVA p < 0.01). 6,5N 
isotopic signatures varied among the different tissue types in both mussel species. In B. 
azoricus, mean <515N of adult mussel foot tissue (-10.4 ±1.8 % o) was more negative than
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(A) The 8UC value of various tissue types from Bathymodiolus azoricus and 
Bathymodiolus heckerae mussels versus shell length (mm); (B) The <515N value of various 
tissue types from B. azoricus and B. heckerae mussels versus shell length (mm); for 
mussels < 8 mm in shell length, •  = pooled sample of whole B. azoricus, ▲ = pooled 
sample of whole B. heckerae; for mussels > 8 mm in shell length, •  = B. azoricus foot 
tissue; ▲ = B. heckerae mantle tissue, T = B. heckerae gill tissue.
mean 615N of whole post-larval through early juvenile stage mussels (-8.8 ± s.d. 1.7 %o) 
(ANOVA p < 0.05). In B. heckerae, mean §15N of adult mussel mantle tissue, adult 
mussel gill tissue, and whole post-larval through early-juvenile stage mussels were 
significantly different from one another (p < 0.001), with adult mussel mantle tissue 
having the least negative mean 615N value (2.8 ± s.d. 1.0 %o) and whole post-larval 
through early-juvenile stage mussels having the most negative mean 515N value (-2.5 ± 
s.d. 0.6 %„).
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DISCUSSION
PCR amplification o f  thiotrophic and methanotrophic symbionts
The failure o f two out of three individual post-larvae (0.36-mm size class) to test 
positive for the thioautotrophic SSU rRNA signal and zero of the three individuals to test 
positive for methanotrophic SSU rRNA or pmoA signals may be attributed to differential 
symbiont load and/or variation in DNA extraction efficiency from single individuals.
The density o f symbionts observed in the gills of individual Bathymodiolus azoricus post­
larvae under transmission electron microscopy (TEM) ranged from 8.1 to 47.2 symbionts 
per 15.5 pm2 for thioautotrophic morphotypes and 0.6 to 3.0 symbionts per 15.5 pm2 for 
methanotrophic morphotypes. A negative result in this case may simply represent a 
signal below the limit of detection. The positive result for all three markers when a 
pooled sample of post-larvae (n = 5) was tested reinforces this notion. In addition, 
thioautotrophic and methanotrophic bacterial morphotypes were present in the gills of all 
Bathymodiolus azoricus post-larvae examined with TEM (n = 6). Alternatively, if 
symbionts are acquired through a horizontal mode of transmission, as evidenced by Yon- 
Jin Won et al. (in press), it is possible that thioautotrophs may be acquired at an earlier 
developmental stage than methanotrophs. The variation in thioautotrophic symbiont 
density observed in B. azoricus post-larvae may reflect recent acquisition of symbionts 
and adjustment to environmental concentrations of reduced compounds.
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Abundance and biovolume o f bacterial symbionts
As in other invertebrate-bacteria symbioses, bacterial density in bathymodiolin 
mussels may need to be maintained at a certain threshold in order for the symbiosis to 
remain beneficial to both partners. There was no correlation between symbiont density 
and mean mussel shell length in Bathymodiolus azoricus or Bathymodiolus heckerae 
mussels; however, there were significant differences in symbiont density among several 
of the different size classes in both species. Symbiont population density may fluctuate 
in response to changes in environmental concentrations of reduced substrates. However, 
in situations where concentrations of reduced substrates are not limiting, the range within 
which the symbiont populations fluctuate may be under tight regulation by host control 
mechanisms and/or density dependent control mechanisms elicited by the symbiotic 
bacteria. The host mussel could potentially limit bacterial growth by controlling the 
amount of diffusible materials and chemosynthetic substrates available to symbiotic 
bacteria (see Childress and Fisher, 1992 for review). Host control mechanisms may also 
include digestion and/or extrusion of symbiotic bacteria. Apparent digestion of 
thioautotrophic and methanotrophic bacterial morphotypes was regularly observed in gill 
bacteriocytes of B. azoricus and B. heckerae under TEM. In addition, entire 
bacteriocytes appeared to be sloughed off of gill filaments in some individuals.
Bacterial symbionts may employ specific mechanisms, such as quorum sensing, 
in order to regulate population density. Quorum sensing involves the release of 
microbially derived diffusible chemical signals, or autoinducers, for cell-to-cell 
communication within a bacterial population (Fuqua et al., 1994). An increase in the
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concentration of signaling molecules enables a single bacterial cell to “sense” the number 
of bacteria present in the surrounding microenvironment and respond by activating or 
repressing specific target genes. This mechanism, which has been observed in numerous 
symbiotic and pathogenic bacteria, enables bacteria to regulate their behavior according 
to population density (Whitehead et al., 2001). The symbionts o f B. azoricus and B. 
heckerae may employ such a mechanism to keep their population growth in check.
The ratio of thioautotrophs to methanotrophs comprising the total bacterial 
symbiont population may reflect the availability of reduced chemical substrates in the 
surrounding environment (Trask and Van Dover, 1999; Fiala-Medioni et al., 2002). 
Thioautotrophic morphotypes comprised a larger percentage of the total symbiont 
population in all size classes of Bathymodiolus azoricus hydrothermal vent mussels. 
Geochemical data collected from the Eiffel Tower site at Lucky Strike by Charlou et al. 
(2000) indicated that sulfide concentrations (2.1 mM) were higher than methane 
concentrations (0.68 mM). In addition, Desbruyeres et al. (2001) found sulfide 
concentrations (2.1 (iM H2S + HS-) to be higher than methane concentrations (0.0 /xM) 
on Bathymodiolus azoricus mussel beds (mean temperature = 6.7 ± 3.0 °C). Conversely, 
methanotrophic morphotypes comprised a larger percentage of the total symbiont 
population in all size classes of Bathymodiolus heckerae seep mussels. Geochemical data 
collected from the Blake Ridge methane-hydrate cold seep indicated that sulfide and 
methane concentrations in pore waters were 1.3 mM and 1.0-3.4 mM, respectively (Van 
Dover et al., 2003).
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Differences between Bathymodiolus azoricus and Bathymodiolus heckerae 
symbiont populations may be attributed to species differences and/or differences in 
habitats. Similar differences in symbiont abundance relative to sulfide and methane 
concentrations have been observed in Bathymodiolus azoricus mussels from different 
sites within the Lucky Strike hydrothermal vent field (Trask and Van Dover, 1999; 
Fiala-Medioni et al., 2002). Here, dual symbiont populations of vent and seep mussels 
were assessed at a single point in time. As concentrations of reduced chemicals at 
hydrothermal vents and cold seeps vary spatially and temporally, so may the composition 
of the symbiont population within a mussel.
Methanotrophic morphotypes dominated the total bacterial symbiont biovolume 
in both species of mussels. However, stable isotopic compositions and TEM 
observations indicated that methanotrophic symbionts did not necessarily dominate in 
terms of abundance and nutritional contribution to the host in Bathymodiolus azoricus 
mussels. Thus far, there is not sufficient evidence to suggest that either symbiont type is 
more efficient at fixing carbon. Furthermore, carbon fixation rates of symbionts are 
likely to vary with changes in concentrations of available chemical substrates (Kochevar 
et al., 1992; Nelson and Fisher, 1995). The only available estimate of carbon fixation 
efficiency for thioautotrophic symbionts was based on experimental evidence that 
indicated > 45% of the carbon fixed by the symbionts within Solemya reidi, a clam that 
only contains thioautotrophs, is supplied to the host (Fisher and Childress, 1986). 
Incubation experiments with Gulf of Mexico seep mussels that only contained 
methanotrophs indicated that only 30% of consumed methane was oxidized to CO2
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(Kochevar et al., 1992), with the remaining 70% being incorporated into cellular organic 
carbon. In Bathymodiolus puteoserpentis, a vent mussel that contains thioautotrophic and 
methanotrophic symbionts, carbon incorporation averaged 60 ± 19.2% of the total 
methane utilized (Robinson et al., 1998). Although carbon fixation rates for 
Bathymodiolus azoricus and Bathymodiolus heckerae were not examined here, we can 
assume that the greater biovolume of methanotrophic symbionts does not necessarily 
infer greater carbon content per bacterial cell or greater nutritional contribution to the 
host.
Finally, it is important to note that the biovolume estimate used here assumed that 
symbionts were perfect spheres. Rod-Shaped thioautotrophic morphotypes and oval­
shaped methanotrophic morphotypes were not incorporated into the calculation, which 
may have lead to an underestimation of the biovolume of both symbiont types.
Stable Isotopes
Factors that determine stable isotope signatures of biosynthetic ally derived 
organic compounds include the availability and stable isotope composition of the source 
material and the kinetic fractionations associated with uptake, assimilation, and 
incorporation of the source material by living organisms (Conway et al., 1994). Carbon 
isotopic ratios are generally enriched by ~ +1 %o per increase in trophic level (Peterson 
and Fry, 1987) and are often used to determine the source of dietary carbon for organisms 
that inhabit environments where two isotopically distinct carbon pools are available 
(Conway et al., 1994). Nitrogen isotopic ratios increase by an average of +3.4 %o per
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increase in trophic level (Minawaga and Wada, 1984) and can be used to distinguish 
between trophic guilds (e.g. primary producers vs. primary consumers). When examining 
Bathymodiolus azoricus and Bathymodiolus heckerae, carbon and nitrogen sources and 
symbiont physiology must be carefully considered. Also, one must keep in mind that 
nutrition obtained from bacterial symbionts cannot be distinguished from nutrition 
obtained by filter feeding on free-living thioautotrophic and/or methanotrophic bacteria.
Clear isotopic signals highlighting photosynthetically derived carbon as a 
nutritional source were not observed in post-larval forms of Bathymodiolus azoricus or B. 
heckerae. Isotopic signatures indicative of a phytoplankton-based diet would have 
expected values of -15 to -22 % o  513C for carbon (Gearing et al., 1984) and >8 %o 51SN 
for nitrogen (Trask and Van Dover 1999); however, tissue turnover rates during 
metamorphosis may be rapid enough that such signals would not be completely retained 
in post-settlement stage larvae.
1 'X I SObserved differences in 8 C and 5 N values between Bathymodiolus azoricus 
and B. heckerae may be attributed to a combination of factors, including nutritional 
dependence on thioautotrophic versus methanotrophic symbionts and/or different carbon 
(e.g. biogenic versus thermogenic) and nitrogen sources at the vent versus the seep. The 
513C isotopic signatures of Bathymodiolus azoricus mussels (-26.3 to -35.6 % o )  fall within 
the expected range for vent mussels that host only thioautotrophic bacterial symbionts (- 
30 to -37.1 % o) (Rau and Hedges, 1979; Van Dover, 2002) and for mussels from Mid- 
Atlantic Ridge vents that host a dual symbiosis (-21.3 to -37.3 % o) (Cavanaugh et al., 
1992; Van Dover et al., 1996; Robinson et al., 1998; Trask and Van Dover 1999; Fiala-
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Medioni et al., 2002). The <513C isotopic signatures o f Bathymodiolus heckerae mussels 
(-51.3 to -59.9 % o) fall within the range of 513C values for seep mussels that host only 
methanotrophic bacterial symbionts (-40.1 to -67.8 % o) (Childress et al. 1986; Brooks et 
al. 1987; Kochevar et al. 1992; Barry et al. 2002) and for mussels from the Gulf of 
Mexico seeps that contain methanotrophic and thioautotrophic symbionts (-45.7 to -74.3 
± 2.0 % o) (Pauli et al. 1985; Fisher et al. 1993). The depleted 615N isotopic values of B. 
azoricus and B. heckerae (-6.1 to -13.3 %o and -3.2 to 4.1 % o, respectively) are consistent 
with the <515N values other vent and seep mussel species that rely on bacterial 
endosymbionts for nutrition (Pauli et al. 1985; Van Dover and Fry 1989; Van Dover 
2002). Overall, the isotopic composition of B. azoricus indicated a greater dependence 
on thioautotrophy in all size classes examined, whereas the isotopic composition of B. 
heckerae indicated a greater dependence on methanotrophy. The relative abundance of 
thioautotrophs versus methanotrophs in the gills of each species yielded a similar pattern, 
with thioautotrophs dominating symbiont abundance in B. azoricus and methanotrophs 
dominating symbiont abundance in B. heckerae. Consequently, the relative abundance of 
symbionts in the gills of these mussels may be indicative of their nutritional dependence 
on thioautotrophy versus methanotrophy.
An ontogenetic shift in 513C values was observed in Bathymodiolus azoricus but 
not in B. heckerae. Several conditions could provide an explanation for the observed 
differences in <513C values in B. azoricus. Methanotrophy may play a greater role in host 
nutrition during the post-larval through juvenile-stages as compared to adults. The S13C 
composition of thermogenically-derived source methane from Atlantic vents has been
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reported to be -13 %o (Radford-Knoery et al., 1998) and could explain the lighter 
signatures observed in these stages. Partial retention of a photosynthetic signature could 
also contribute to lighter signatures. Differences in 5 C ratios may also be attributed to 
changes in metabolic rate, and therefore fractionation, associated with an increase in body 
mass. Finally, different tissues were compared from adults (foot muscle) and post-larval 
through early-juvenile stage mussels (whole individuals) which could vary slightly in 
isotopic composition due to differences in tissue turnover rates (Michener and Schell, 
1994). The 513C signatures of Bathymodiolus heckerae mussels did not differ over the 
range of size classes observed or between different tissue types. Consequently, post- 
larval through adult stage mussels at the Blake Ridge appear to be using the same 
nutritional carbon source.
An ontogenetic shift in 515N values was observed in Bathymodiolus heckerae but 
not in B. heckerae. The positive correlation between S15N and mean shell length in B. 
heckerae may indicate differential use of available nitrogen sources by symbionts of post- 
larval through early juvenile stages and adult mussels (Fisher et al., 1988). Furthermore, 
differences in <515N between post-larval through early-stage juveniles and adult mussels 
within each species may be due to differences in tissue turnover rates (Michener and 
Schell, 1994).
Conclusions
Many questions regarding the ecological significance of maintaining a dual 
symbiosis remain. Here, symbiont populations were assessed at a single point in time. In
order to address the adaptability of host and symbiont to temporal changes in 
environmental chemistry, transplant experiments in the field, paired with laboratory 
manipulations, are needed. Furthermore, little is known about how methanotrophic and 
thioautotrophic symbionts interact within host cells. Do symbionts compete for resources 
(e.g. oxygen, space) or do they cooperate with one another, functioning as a symbiosis 
within a symbiosis? Also, the nutritional contribution of extra-gill symbionts remains to 
be determined. Finally, further studies pertaining to larval nutrition in bathymodiolin 
mussels are needed in order to elucidate the mechanisms by which new vent sites are 
colonized and how populations of existing sites are sustained.
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